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Summary

The results from an in-house study aimed at im-

proving the dynamic and aerodynamic characteris-
tics of composite rotor blades through the use of

extension-twist elastic coupling are presented. A set

of extension-twist-coupled composite tubular spars,

representative of the primary load-carrying struc-
ture within a helicopter rotor blade, was manufac-

tured with four plies of T-650/42 graphite fiber with

ERLX 1925-2 epoxy resin in a plain weave cloth

prepreg. The 0 ° 90 ° cloth weave was rotated off-

axis to achieve a [+20°]4 laminate. These spars
were noncircular in cross-section design and were

therefore subject to warping deformations. Three
different cross-sectional geometries were developed:

D-shape, square, and flattened ellipse. Three spars

of each type were fabricated in order to assess the

degree of repeatability in the manufacturing process
of extension-twist-coupled structures. Results from

free-free vibration tests of the spars were compared

with results from normal modes and frequency anal-

yses of companion shell-finitc-clement models devel-

oped in MSC/NASTRAN. Five global or nonshell
modes were identified within the frequency band-

width from 0 to 2000 Hz for each spar. Because
of some anomalies encountered in the testing and

subsequent determination of the modal properties
for two of the three D-shape spars, thc results for

only one D-shape spar were determined. The fre-

quencies and associated mode shapes were corre-

lated with analytical results, and the agreement was
within 13.8 percent. Frequencies corresponding to

the five global mode shapes for the three square

spars agreed within 9.5, 11.6, and 8.5 percent of

their analytical counterparts. Five global modes
were similarly identified for the three elliptical spars

and agreed within 4.9, 7.7, and 9.6 percent of the

analytical results.

Introduction

The design of advanced rotor blades is becom-

ing significantly influenced with the incorporation

of composite materials technology. Such designs of-
fer considerable advantages with respect to strength

and weight criteria, in addition to providing a means

of efficiently controlling static and dynamic response

through the implementation of elastic tailoring. The

ability to analytically predict the dynamic charac-
teristics of composite rotor blades exhibiting elastic

coupling is essential to the implementation of elas-

tic coupling in these applications. However, as a

result of advancements in elastically tailored struc-

tural design, a corresponding increase in the level of

analytical complexity is introduced. This complex-

ity is particularly true of the dynamic behavior, as
the elastic couplings can have a substantial influence
on the vibration characteristics. The identification of

the vibration characteristics (i.e., natural frequencies

and mode shapes) of a rotor blade is necessary for
the prediction of its resonant behavior and is essen-

tial in aeroelastic stability analyses. Therefore, it is

necessary to determine the accuracy of existing anal-

yses applicable to elastically coupled composite rotor
blades. The validation of these analyses is further de-

pendent upon the establishment of an extensive ex-

perimental data base for the dynamic characteristics
of elastically coupled structures, which has yet to be

developed.

Many examples of recent analytical trcatments

of composite rotor blade structures exist in the
literature and include advanced beam and plate
finite-clement formulations. The inclusion of so-

called nonclassical effects, which include transverse

shear, warping, and geometric nonlinearities, has
been emphasized in these formulations and attempts

to account for the complex structural behavior of

advanced helicopter rotor blades. For example, in

reference 1, the warping effects of composite beams

undergoing large deflections and large rotations in
rotating and nonrotating conditions were established.

Verification of this analysis was performed by com-

paring numerical results with those obtained exper-

imentally in reference 2, producing excellent corre-
lation for flapping and lead-lag frequencies. The

dynamic behavior of elastically coupled composite

blades subject to large deflections was also stud-
led in reference 3. Several types of elastically cou-

pled graphite-epoxy spars, including bending-twist-

coupled and extension-twist-coupled designs for three

varying thicknesses, were fabricated in addition to
noncoupled designs to investigate the influence of

elastic couplings in laminate designs. The influence
of static deflections duc to a natural gravity load on

the small amplitude vibrations was also studied for

each spar. Results from the experimental-analytical

investigation showed that the presence of static de-

flections has a significant influence on torsional and

lead-lag modes and frequencies. This study was fur-
ther expanded in reference 4 to investigate the effects

of large amplitude vibrations, and similar findings
resulted.

The influence of ply lay-ups on the natural fre-

quencies and mode shapes of composite beams was
addressed in reference 5 where a mixed finite-element

method was used. Numerical results showing the

variation in frequency versus ply angle were pre-
sented for a thin-walled tube with circular cross

section for a variety of laminate designs, including



an extension-twist-coupledlaminate,whereseveral
variationalcharacteristicswereobserved.Specifi-
cally,someextension-twist-coupledmodesoccurred
in pairs,withonemodehavingextensionandtorsion
componentsof oppositesigns,whereasthe compo-
nentsof thecompanionmodesharedthesamesign.
The characteristicshapeof the coupledmodes,as
wellasthesequentialorderof frequencies,wasfound
to varywith ply angle. In addition,analyticalre-
sultsfor a laminatedsolidrectangularcrosssection
werecomparedwithexperimentalresultsfromrefer-
ence6 forply lay-upsof0°, 15°, 30°, and90°. Good
correlationwasobtained,althoughonlyexperimen-
tal frequenciesassociatedwith tile coupledvertical
bending/torsionmodeswereavailable.

The dynamic behaviorof an extension-twist-
coupledcompositecirculartubewasanalyticallyand
experimentallystudiedin reference7. Anequivalent-
beamfinite-elementmodelbasedon the coupled-
beamanalysisdevelopedin reference8 wasusedin
conjunctionwitha detailedMSC/NASTRANfinite-
elementmodelto predictthenaturalfrequenciesand
modeshapes.Experimentaldata from a free-free
vibrationtest of a thin-walledcompositetest spar
wereusedto validatetile finite-elementmodels.Re-
sultsfromthisstudydemonstratedthat naturalfre-
quenciesandmodeshapescouldbeobtainedwithin
practicalengineeringaccuracyfor nonwarping-prone
extcnsion-twist-coupledcompositestructures.How-
ever,the equivalent-beamfinite-elementmodeldid
not accuratelypredict the frequenciesfor mode
shapesinfluencedbyelasticcoupling.

The global responsecharacteristicsof general
thin-walledanisotropicbeamswhichexhibit shear
and warpingdeformationswerestudiedin refer-
encc9. Resultsfrom an anisotropicbeamfinite-
elementanalysiswereexperimentallyverifiedwith
a set of static axial tests performedon differ-
entconfigurationsofextension-twist-coupledtubular
beamstructuresto assessthe influenceof warping-
pronecross-sectionalgeometries.Testresultsdemon-
stratedthat bending-relatedwarpingeffectshavesig-
nificant influenceon beam-likestructuresand are
amplifiedby the extension-twistcoupling,whereas
theeffectsof torsion-relatedwarpingwerenot found
to besignificantfor practicalrotor structures.This
investigation,however,only addressedthestaticbe-
haviorof extension-twist-coupledcompositesparde-
signsand leavesthe questionof how suchdesigns
influencethedynamiccharacteristics.

An in-houseresearchprogramaimedat im-
proving the dynamicand aerodynamiccharacter-
istics of compositerotor bladesthrough the use
of elasticcouplingshasbeeninitiated to address
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this need. Extension-twistelasticcoupling,which
exhibitscouplingamongthe extensionaland tor-
sionalstiffnessesof a structure,waschosenfor this
studybecauseof its potentiallyadvantageousappli-
cationto tilt rotor blades. The objectivesof this
programwereto providea basisfor understanding
themechanicsof elasticcouplingasappliedto rotor
bladestructuresandalsoto developverifiablefinite-
elementmodelingmethodologiesthat arecapableof
accuratelyrepresentingthis phenomenon.A series
of analyticalandexperimentalstudieshasbeende-
signedto demonstratethe potentialimprovements
to tilt rotor bladeperformance.Analyticalmodels
wouldbevalidatedthroughthestaticanddynamic
testingof aseriesofelasticallycoupledcompositetest
sparsrepresentativeof rotor bladespars.Thesetest
sparsincludeuntwisted,thin-walledtubesofcircular
crosssectionandprogressto moreadvanceddesigns
involvingnoncircularcrosssectionsand pretwist.
Suchdesignsintroduceadditionalcomplexityasthey
aresubjectto out-of-planewarpingdeformations.
Thiswill leadto thedevelopmentoflowtwist,model-
scalecompositerotor blades,with subsequentwhirl
andwind-tunneltestsdesignedto demonstratethe
feasibilityof changingbladetwist asa functionof
rotor speed.The analytical-experimentalstudyof
thesebladeswill providethebasisforthedesignand
developmentof a highly twistedcompositetilt ro-
tor bladedesignincorporatingextension-twistelastic
coupling.

This paperpresentsrecentresultsfrom an in-
houseinvestigationof thedynamiccharacteristicsof
thin-walledextension-twist-coupledcompositetubu-
lar spars.Resultsfroma normalmodesanalysisof
shell-finite-elementmodelswerecomparedwith ex-
perimentalresultsobtainedfromfree-freevibration
testsof extension-twist-coupledcompositetubular
spars.Thesesparswerenoncircularin cross-section
designandwerethereforesubjectto warpingdefor-
mations. Becausethe presenceof extension-twist
couplingin a laminateactsto "magnify"the warp-
ingeffect,a significantinfluenceon thedynamicbe-
haviormayresult. Suchwarping-pronedesignsare
morecloselyrepresentativeof true rotorbladespar
structuresandrequirethoroughinvestigationof the
dynamiccharacteristics.

Symbols

Ell

E22

FEA

G12

extension modulus (spanwise), lb/in 2

extension modulus (chordwise), lb/in 2

finite-element analysis

shear modulus, lb/in 2



j

MAC

MCF

MMIF

m

tply

//12

P

_/,1

Superscript:

*

response degree of freedom

modal assurance criteria

modal confidence factor

multivariate mode indicator flmction

number of response degrees of freedom

lamina thickness, in.

Poisson ratio

density, lb/in 3

m-dimensional vector representing

normalized mode shape 1

m-dimensional vector representing

normalized mode shape 2

complex conjugate

Test Models

Composite Test Spars

Nine composite tubular spars were fabricated for

dynamic testing. Each tube was 24 in. in length and

was fabricated with four plies of T-650/42 graphite

fiber with ERLX 1925-2 epoxy resin in a plain weave

cioth prepreg. This material system is manufactured
by Amoco Performance Products, Inc. The associ-

ated material prot)ertics, obtained from coupon tests
conducted in reference 9, are shown in table 1. The
00-90 ° cloth weave was rotated off-axis to achieve

a [+20°]4 ply stacking sequence. This symmetric

arrangement of ply angles provides a mechanisin

for extension-twist coupling in a thin-walled cellu-
lar structure through the interaction of extensional

and torsional deformations. Specifically, the lami-

nate shears in response to an axial load and causes

the cell structure to develop a net twist deformation.
In addition, a secondary type of coupling that was in-

herent in this type of extension-twist-coupled design

acted to couple the hending and shear deformations.
This parasitic bending-shear coupling influences a

structure such that a shear deformation in a given

geometry plane results from a bending deformation

in an orthogonal plane.

Three different cross-sectional geometries were

manufactured: D-shape, square, and flattened el-
lipse. In order to assess the degree of repeatability in

the manufacturing process of extension-twist-coupled

structures, three spars of each type cross section were
fabricated. These spars were given a three letter des-

ignation Vci, where V denotes v_ibration test arti-

cle, c refers to cross section (i.e., D-shape, S_quare,

Elliptical), and i refers to spar mmfi)er (i.e., 1, 2, 3).
Figure 1 depicts the three cross-sectional shapes with

the associated dimensions. Although all spars were

designed to have a nominal wall thickness of (/.030 in.,

the actual wall thicknesses varied slightly because of

the manufacturing process. Because an exact span-
wise variation of the wall thickness was difficult to

accurately measure t)y nondestructive means, an av-

erage wall thickness was computed for each spar by

dividing the weight of the spar by the product of

the a_ssociated nmterial density, spanwise length, and
contour length. This average thickness was used in

the finite-clement analysis models of the spars. A

smmnary of the average wall thicknesses determined

in this manner ms well as the percent difference from
the design value appears in table 2 along with the

mea_sured weight for each spar. The deviation in wall

thickness was generally quite small (within 2.3 per-
cent of the design value), except for the elliptical

spars. Average deviations of approximately 10 per-

cent were observed in this subset of spars. Poten-

tial causes for the marked differences in the elliptical

spar wall thicknesses may have precipitated from a
change in fabrication personnel during this part of

tile nmmffacturing phase. Factors such as the tem-

perature rise rate during the cure (:ycle and wrap-

ping of the prepreg during the lay-up procedure are
integral in the fabrication process and inconsisten-
cies in either or both of these variables coul(t have

conceivably contributed to the differences noted.

Spar Fabrication Process

The thin-walled tubular spars were fabricated by

utilizing an expandable rubber mandrel an(t a seg-

mented ahuninmn female mold configured to the de-

sired external spar geometry. The rubber mandrel

wa.s sized to accommodate the conlposite wall thick-
ness and a free lateral expansion gap of approxi-

mately 0.020 in. prior to contact with the surface

of the female mold during processing. A (mild) steel
rod was placed in the center of the mandrel to provide

stiffness for handling purposes after consoli(tation of

the room temperature vulcanizing silicon rubt)er. Af-
ter the rut)ber was cast, cured, and removed from tile

sizing tool, it was sprayed with a wet coat of fluoro-

carbon release agent and dried in an air circulating

oven. The mandrel was then ready for apt)lication of

the graphite-epoxy cloth composite.

Figure 2 shows the silicon rut)ber mandrel and the
initial wrap of composite material which has t)een

cut to the desired fiber orientation. The wrapping

procedure began by aligning tile rubber tool with

one edge of tile precut composite material ms shown
in figure 3. Subsequent layers of composite material
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wereappliedto theassemblyby continuingto wrap
successivelayersof compositein the proper fiber
orientation,asshownin figure4. Oncethedesired
thicknesswasbuilt upontotherubbermandrel,the
assemblywasplacedin the femalealuminumtool
cavity (fig. 5) and the coverplate wassecuredby
bolts. A controlthermocouplewasinsertedinto the
materialat oneendandthe tool wasplacedin an
air circulatingoven. The temperatureof the oven
wasincreasedat a rateof approximately10°F/min
until thesparreachedthecuretemperatureof350°F.
Uponheating,the rubbermandrelexpanded,which
forcedthe compositematerialagainstthesurfaceof
thefemalemold.Therubbermaintaineda pressure
of approximately200psion thecompositelaminate
at 350°F.This conditionwasheldfor 1 hour for
completecompositecure.Theassemblywascooled,
removedfrom the oven,and disassembled.The
ruhbercoreshrankduringthecoolingprocess,which
allowedfreeremovalfrom thecompositetubespar.
Examplesof the cured compositetube sparsare
shownin figure6.

RichardBennett,MaterialsProcessingandFab-
ricationDivision,participatedin the manufacturing
of theellipticalspars.

Test Results

Vibration Test Setup

The vibration test setup used to determine the

dynanfic characteristics of the composite tubes is

shown in figure 7. The test spars were suspended
from a support structure with light rubber tubing

to simulate a free-free boundary condition. A cal-

ibrated impact hammer provided the input excita-
tion for the spar. The test procedure consisted

of a roving hamlner concept such that impacts at

multiple locations along the structure were made

while acquiring response data from a fixed loca-

tion. A three-axis accelerometer transducer config-
uration was mounted on one end of each spar. (See

fig. 8.) The configuration incorporated three single-
axis piezoelectric accelerometers, which were affixed

to an aluminum mounting block to form a triaxial

accelerometer arrangement. This served as the ref-
erence point :[or suhsequent measurements. Smaller

blocks were used on the elliptical and D-shape spars

to facilitate vertical and lateral impacts on the fiat

and curved surfaces. A list of the block types and

their corresponding weights is given in table 3.

A prescribed set of excitation points was chosen to

coincide, as closely as possible, with the correspond-
ing grid points of the finite-element model which was

formed for each spar. By doing this, an accurate

representation of grid point deformations could be

obtained when comparing test and analysis models.
The excitation and response point degrees of freedom

(location and direction) for each spar are listed nu-

merically in tables 4 through 10 and are illustrated

for each spar type in figure 9. Twelve locations were

excited in both the lateral (Y) and vertical (Z) di-
rections for each square spar by using a configura-

tion of two parallel rows of six axial locations. A

similar arrangement was employed for the D-shape

and elliptical spars, although vertical (Z) inputs were
omitted along the leading edge of the D-shape spar

(grid points 7-12), as well as the lateral (Y) inputs

along the top of the elliptical spars (grid points 1 6).
In the latter case, significant difficulty was encoun-

tered when attempting lateral impacts on the up-

per (flat) surface of the ellipse because of the low

shearing modulus of the cyanoacrytate adhesive used

to mount the aluminum blocks. Therefore, only im-
pacts which were perpendicular to the shearing plane
of the adhesive were obtained at these locations. Ad-

ditionally, a slight shift in excitation point location
from the desired location was necessary in a few in-

stances to achieve a cleaner frequency input spec-

trum for a spar. This caused a slight nonuniformity

in excitation point locations. This shift was usually
required whenever slight anomalies in the composite

skin were encountered (i.e., excessive accumulation

or depletion of resin, inconsistent fabric weave).

Data Acquisition System

The vibration test of the spars was performed

with the Hewlett-Packard 3565S modal testing/data

acquisition system. (See fig. 10.) This system is
self-contained with respect to hardware components

and consists of a front end (i.e., input and source

modules, charge amplifiers, signal processing mod-
ules), central processing unit (cpu), fixed disk drives,

an optical disk drive, and a magnetic tape drive.

The front end is capable of simultaneously acquir-
ing up to 8 channels of data with a frequency range
of 50 kHz.

Modal data acquisition was performed by the
front end, under the control of the Hewlett-Packard

Virtual Instrument for Test and Analysis (HP-
VISTA) signal processing software (ref. 10). The
VISTA software was used to collect data from the

measurement hardware and served as a tool for anal-

ysis of measurement results. It effectively trans-
formed the workstation into an "analyzer," or virtual

instrument. The raw analog signals generated by the
aceelerometers or force transducers were fed into the

front end and passed through analog-to-digital filters
and antialiasing filters. The resulting digital signals
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werethenprocessedby the fast Fouriertransform
(FFT)algorithmandtransformedintothefrequency
domain.Thetransferflmctionswerestoredasbinary
fileson diskfor subsequentprocessingandanalysis
and/ordisplayedontile monitorfor viewing.

Testdatawereobtainedfor eachsparoverthe
frequencybandwidthfrom0 to 3200Hz. Theblock
size,whichdeterminedthenumberof digitizedsan>
pieswithin thetime record, was 4096 (real), with a

frequency resolution of 2.0 Hz. The associated time

length of actual data acquisition was 500 msec/data
average. A total of 30 data averages was obtained at

each excitation point location for all spars.

The associated data files were then ported to the

modal analysis software, I-DE;AS Tdas (test data

analysis software), which is a general purpose test
data analysis package developed by Structural Dy-

namics Research Corporation (ref. 11). The porting

of these data was facilitated by a Hewlett-Packard

Modal Data Manager, a utility software program

(ref. 12), which assembled the individual frequency
response function files created by VISTA to produce

a formatted file in which a matrix of frequency re-

sponse functions was stored. This file format was

the means by which data were transferred to I-DEAS

Tdas, which extracted modal parameters (frequency,
mode shape, and damping information) from the
transfer flmctions.

Data Reduction Techniques

The data reduction phase of this study is per-

haps most easily explained in terms of five proce-

dure steps involving curve-fitting techniques, esti-

mating curve-fit parameters, determining residues,
calculating mode shapes, and correlation.

Step 1--curve-fitting techniques. The Tdas

software provided several curve-fitting techniques for
the extraction of frequency, amplitude, damping, and

pha.se information for a given mode. These tech-

niques included single-degree-of-freedom curve fits,

such as circle fit and peak or valley searches, as well
as multiple-degree-of-freedom curve fits, which in-

cluded complex exponential, direct parameter, and

polyreference techniques. The polyreference curve-

fitting technique (ref. 13) was chosen to extract the

modal parameters for the test spars. This time do-
main curve-fitting technique uses the impulse re-

sponse flmction (inverse of the Fourier transform

of the frequency response function) from single or

multiple excitation/reference locations in a global
least-squares manner. This technique is advanta-

geous because all the available frequency response
functions may be used to calculate a global esti-

mate for frequency, damping, and residue; thereby

a more complete description of the modal system is

provided. The damped natural frequencies and cor-
responding damping ratios are first extracted from

the acquired time data, followed by calculation of

the residues (amplitude and phase). The polyrefer-

ence technique is useful for multiple-input/multiple-

output (MIMO) applications and situations where

closely coupled or coincident modes exist. The curve-

fitting procedure for the polyreference technique is
an iterative process, involving the construction of a
correlation matrix which identifies the reference co-

ordinates to be used (i.e., grid point number and di-

rection), the analysis bandwidth, and the maximum
number of roots allowed in the estimation. The ac-

curacy of the polyreference technique is dependent

upon user-specified estimates of the number of roots

present in the frequency range of interest.

Step 2--estimating curve-fit parameters.
An analytical tool designed to aid the user in the de-

termination of the root estimate, known as the multi-

variate mode indicator function (MMIF), was used

in this study. The MMIF can detect the presence of
modes within the frequency range of interest, as well

as repeated roots, by using the frequency response

functions from a given set of reference (response) lo-

cations. Conceptually, the MMIF can be thought of

as a graphical representation of the ratio of the ki-
netic energy of in-phase responses to the kinetic en-

ergy of the total response plotted as a function of fre-

quency. This ratio is minimized so that the real part

of the response is forced to be as small as possible

compared with the total response. Minima observed
in this plot indicate real normal modes that can be

excited within the structure for a given set of refer-
ence locations. The number of mode indicator func-

tions in the MMIF is equal to the number of reference

coordinates chosen, up to a maximum of three. Three

reference coordinates, IX+, 1Y_, 1Z+ (grid point 1

in the positive X, negative Y, and positive Z di-

rections, respectively), were selected in this study;
therefore, three flmctions (primary, secondary, and

tertiary) were calculated. The MMIF can detect re-

peated roots which may exist in the structure via co-

incident minima in the secondary and tertiary func-
tions. A more detailed derivation and explanation of
the MMIF can be found in reference 14.

Once the MMIF has been calculated, the num-

ber of minima Ks well as the corresponding natu-
ral frequencies can be determined. This determina-

tion, which can be performed by visual inspection or

through a curve-fit procedure, establishes an initial
estimate for the number of roots within the frequency

range for the polyreference curve-fit method. The
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estimateof roots is an iterativeprocessandjudg-
ment is requiredby the analystbecausecomputa-
tional roots (rootswhichhaveno physicalsignifi-
cance)arealsoproducedby thecurvefit andmust
beidentifiedandeliminated.

Step 3--determining residues. Once the fre-

quency and damping terms have been estimated, real

or complex residues (amplitude and phase) are calcu-

lated based on the specified references and responses.
Residues of the real type imply that thc phase angles

of the associated mode shape differ by 0° or 180 ° such

that all the structural points physically reach their

maximum displacements at the same time. Real-
type modes are based on proportional damping. A

mode shape of complex type exhibits nonpropor-

tional damping, where the phase angles can have

values other than 0° or 180 °, and therefore physi-
cally reach their maximum displacements at different

times. In instances where damping is light, such as

that anticipated in this investigation, the mssunlption
of real-type modes is generally valid.

A feature within the polyreference algorithm
known as the modal confidence factor or MCF

(ref. 15) was used as an aid to discriminate between

computational and physical modes. The MCF takes
advantage of the redundant phase relationships that

are satisfied by physical modes but not by compu-

tational modes and, therefore, represents a measure
of how well a given mode conforms to this relation-

ship. The MCF assumes a value near unity for phys-

ical modes and a value less than unity (typically

less than 0.8) for computational modes. The theory
behind the MCF is derived in reference 15.

Step ,_--ealeulating mode shapes. Mode

shapes corresponding to the real roots identified in

the previous step wcrc generated and scaled to a
user-specified response coordinate, usually a driving

point measurement. The mode shapes for all spars

were scaled to their respective 1Z_ driving point re-
sponse, which is defined as the measurement made

at the same dcgree of freedom as that of the excita-

tion (i.e., grid point 1 in the negative Z direction).

The resultant mode shapes were displayed and ani-

mated with simplified graphics models representative
of each of the test spars. These models consisted of

grid points which geographically corresponded to the

excitation points on the spar and were connected by
plate elements as a means of defining the spar out-

line. Because data were obtained at only two lateral

locations for each spar (fig. 9), the graphics models

appeared planar (two-dimensional).

Step 5--correlation. Once the modal proper-

ties of the structures were determined, a comparison

of the test and analysis mode shapes was performed

with the modal assurance criteria (MAC) matrix.

The MAC matrix, which is a three-dimensional ma-

trix, is useful for identifying mode shapes that are
sitnilar to each other and can be calculated for test

versus test, analysis versus analysis, or test versus

analysis mode shapes. The matrix is constructed
such that the rows and columns of the matrix cor-

respond to test and/or analysis mode shapes, and
the vertical axis corresponds to the associated MAC

value. The MAC value is a scalar ranging from zero

to unity and represents the linear dependence or sim-

ilarity of a pair of mode shapes, with unity indicating
perfect similarity and zero indicating total dissimilar-

ity. Although this vahm may be regarded as a mea-

sure of orthogonality, it does not constitute a true or-

thogonality check, because the associated mass and
stiffness matrices arc not considered in the calcula-

tion of the MAC value. The MAC value is calculated

by the following equation from reference 15:

2

g'_ (j) _2 (j)

MAC = j = 1
It/ 7T/.

E [1/; (j) /_,1 (j)] E [_ (J) V)2 (j)]
j=l j--1

Although the MAC matrix is a very useful tool in

performing mode shape correlation, user judgment
is required, as contaminating effects such as gcomet-

ric aliasing, nonlinearities, or noise nmy contribute
to the calculation of crroneous MAC values. As

pointed out in reference 16, the MAC value is only

a measure of consistency, and not necessarily valida-

tion, between modal vector estimates. This is be-

cause the MAC cannot account for errors that may
be consistent among all modal vector estilnates.

Analysis Models

The composite spars were modeled and analyzed

with the MSC/NASTRAN finite-element program
(ref. 17). Because each spar varied slightly with re-

spect to the nominal wall thickness and weight pre-

scribed for the spar type, a separate filfite-element

model was fornled for each spar. With this ap-
proach, it was possible to more closely model each

spar and account for individual variations than with

a single model which has the averaged or "smeared"

properties for each spar type. The finite-element
models for each spar type are shown in figures 11

through 13. The structural modeling of each spar

consisted of two-dimensional, quadrilateral fiat plate

(CQUAD4) elements having anisotropic properties.
Although separate models were constructed for each

spar, the same number of elements and grid points



wasusedfor eachmodelof a givenspartype. All
modelswereformedwith 25plateelenlentsin the
lengthwisedirection,with thenumberof circumf(_r-
entialelementsvaryingwithcross-sectiontype. (See
appendixforresultsof a limitedconvergence study.)
Eight plate elements were used circunlferentially to

model the square cross section, whereas 12 and 14 el-

ements were used for the D-shape and elliptical ge-

ometries, respectively. The total degrees of freedom

for each inodel were reduced through static conden-
sation, with a reduced set of <lynamie degrees of free-

dora resulting. The total number of grid points, as

well as the number of plate elements and dynanfic

degrees of freedom for each model, is also listed ill

the associated figures. Tile plane of grid points for
each model wa,s located at the geometric midplane

of tile 4-ply laminate and was therefore coincident

with the element reference plane. Structural mass

was accounted for through the use of the consistent

mass matrix option in the analyses. The nonstruc-
tural mass and associated inertia of the accelerome-

ter mounting blocks attached to each spar were ac-

counted for through the use of concentrated mass
elements and solid elements. Concentrated mass

(CONM2) elements were used to model the small
impact blocks used for excitation input on tile ellip-

tical and D-shape spars, whMl used two blocks and
one block, respectively. The aeeelerometer mount-

ing block used on the square and D-shape spars

was modeled with a single (CHEXA) solid element.

Tile mounting block used on tile elliptical spars was

modeled by using four (CPENTA) solid elements.

Results

Experimental Results

D-shape spar. Although three D-shape spars

(VD1, VD2, and VD3) were fabricated for this in-

vestigation, some anomalies were encountered in the
testing and modal analyses for two of the three spars

(VD2 and VD3). Tile cause of these anomalies,

which were manifested as nmltiply-split poles and fre-

quency shifts, could not be explained satisfactorily,

although it may be likely due to material or lamina-
tion defccts within the spars in question. Therefore,

the two suspect spars were not considered further in

the investigation and results are not presented for

these spars.

The multivariate mode indicator fimction for the

VD1 spar was calculated over the frequency range

from 0 to 2000 Hz, where the driving point coherence
exhibited the best characteristics and is shown in fig-

ure 14. Considering the relative magnitudes of the

primary minima, approximately 15 modes appeared

to be within the range of interest. Although there is

no threshold value which explicitly (tetines a minima

as a potential mode, those minima occurring within

the lower third of the value scale nlay generally t)e

considered valid ill this examph'. Minima occurring
near this limit anti above nlay also t)e considered al-

though user judgment is required within this "gray

area" in light of the rather ragged quality of the pri-

mary function, particularly in the frequency range

froin 0 to 300 Hz. This raggedness is most likely due
to low coherence values which were el)served in the

cross measurements involving the axial (x) measure-

ments in this range. Apparent double-peaked min-

ima occurring in the mid to upt)er ranges of the scale,

as well a.s the slight drops in the secondary fimction,
may likely he influenced by slight diff(,rences or shifts

in frequency which were sometimes observed between

measurement locations. No significant evidence of re-

peated roots was found, which would be manifested
by sut)stantial and coinci(tent drops in the secondary

and t)ossihly tertiary functions ill the graph.

With the information obtained fronl the MMIF,

the analytical curve tit of the experimental data

was performed by using the polyreferenee technique.
The resulting synthesized frequency response func-

tion, plotted as an overlay on the ext)erimental fl'e-

quency response fimctioI_, is shown in figure 15. Tile

analytically svnthesize(t flmetion is nearly id(,ntical

to its experimental counterpart throughout the fre-
quency range, from 0 to 2000 Hz. with the excep-

t.ion of the mode or modes near 1950 Hz. The phase

has deteriorated considerably in this frequency range;
this results in dinfinished accuracy ill the analytical

flmetion. The corresponding frequency and mode

shape data extracted from the polyreference curve
fit in the real (tomain are listed in table 1 I, including

the estimates of damping, phase angle, amplitude,

and MCF. (Modal paralneters were also obtained

with the polyreference curve fit ill the complex do-

main and did not (lifter significantly fronl those ob-
tained in the real domain.) Thirteen mo(tes were ex-

tracted within the frequency range from 0 to 2000 Hz.

(Although the MMIF indicated potential modes oc-

curring near 1850, 1925, anti 1980 Hz, these min-
iina were determine(t to correspond to local an(t/or

frequency-shifted data and could not I)e capture(t t)y

eur_v fits in a global or reduced bandwidth.) Of

these 13 modes, 5 global "nonshell" modes, which

are the primary mode types of interest, were identi-
tied: first vertical bending, first lateral t)ending, sec-

ond vertical bending, first, torsion, and second lateral

bending. The mode shapes were scaled to the 1Z_
driving point measurement. Because a frequency

response fimction is a complex quantity (fl'equency



plus a real and an imaginarypart), a setof nml-
tiple plots is requiredto completelyrepresentthe
frequencyresponsefunction becauseto fully de-
scribeit is not possiblewhenusinga singletwo-
dimensionalplot. Onemethodof presentingthefre-
quencyresponsedata involvesplottingthe realand
theimaginarypartsof thefunctionversusfrequency.
This typeof plot illustrateshowthephasechanges
througha resonance,whichis definedasthe point
wheretherealpartiszeroandtheimaginaryparthas
a maximumvalue.Themagnitudeof thefrequency
responsefunctionisequivalentto thesquarerootof
the sumof the squaresof the real and imaginary
parts. All additionalplot associatedwith frequency
responsemeasurementsis the coherence,whichcan
be thoughtof as a ratio of signalto noise. Tile
coherencerepresentsa measureof the causalitybe-
tweenthe input andresponsesignalsandis always
lessthanor equalto unity. A morein-depthdiscus-
sionoftheseplots,includingthemathematicalbasis,
canbe foundin reference18.Plotsof the 1Z_driv-
ing pointnleasurementareshownin figure16using
the plot typesdescribedabove. The globalmode
shapesareplottedin figure17,with thedashedout-
linerepresentingtheundeformedshape.Becausethe
grid points alongthe leadingedgeof the D-shape
sparwerenot impactedin thevertical(Z) direction,
theyappearundeformedin theplottedmodeshapes.
Thisisparticularlyevidentin themodeshapeswhich
haveprimarilyverticalbendingmotions.Therefore,
this incongruitymustbeconsideredwhencorrelat-
ingthetestandanalysismodeshapes.Thebending
deformationsoftheD-shapesparappearslightlycou-
pledwith respectto the vertical(X-Z) andlateral
(X-Y) planes.Thiscouplingis a resultof thepara-
sitic bending-shearcouplingwhichis inherentin all
extension-twist-coupledlaminatedesign. Bending-
shearcouplinginfluencesa structuresuchthat a
sheardeformationin agivenplaneis dueto a bend-
ing deformationin an orthogonalplane. With the
first lateralbendingcase(fig. 17(b))asanexample,
a slight (secondary)deformationin the X-Z plane

is observed in response to the primary bending de-
formation in the X-Y plane. This effect is observed

in each of the bending mode cases, where the sec-

ondary deformation appears to assume a shape char-

acteristic of the next higher bending mode (i.e., a
slight second bending-type defornlation is observed

in the secondary plane in response to a first bending-

type deformation in the primary plane). Also, the

node points (points of zero displacement) are slightly
asymmetric with respect to the center of the beam.

This is because tile application of the aluminum block
at one end of the spar has shifted the beam mass

center. Since this promotes a global change in the

beam mass distribution, this asynmmtry will there-

fore exist in all observed modes. The shape of the

first torsion mode (fig. 17(d)) is masked by the lack
of participation of the leading-edge grid points in the

vertical direction; therefore the determination of the
mode shape is complicated. A torsion deformation is

apparent in the vertical (X-Z) plane with the change

of phase between the right and left halves of the spar

(with respect to the center). The lateral (X-Y) plane
perspective shows a slight lateral bending deforma-
tion over the grid points closest to the coordinate

system origin. In this view, the mode shape assumes
more of a vertical shearing characteristic than a tor-
sional one.

Square spars. The experimental results for the

square tubes (VS1, VS2, and VS3) are presented in
this section. The multivariate mode indicator func-

tion is presented for each of the three square spars

in figures 18, 19, and 20, respectively. In each case,
the MMIF plots exhibited very similar characteris-

tics and indicated approximately 10 modes within
the frequency range from 0 to 2000 Hz for VS1 and

VS3, although an 1 lth shell-type mode was apparent
for VS2. Although several closely spaced modes were

apparent, there was again no evidence of repeated or

coincident roots. The synthesized frequency response
function for VS1 is plotted with the associated ex-

perimentally derived function in figure 21. Overall,

a very good fit was obtained throughout the range

from 0 to 2000 Hz, with peaks as well as valleys ac-
curately reproduced. Ten modes were extracted for

VS1 and are listed in table 12. The mode shapes
were scaled to the 1Z_ driving point measurement,

which is shown in figure 22. Five global modes were
identified for VSI: first vertical bending, first lat-

eral bending, second vertical bending, second lateral

bending, and first torsion. The experimental mode
shapes are illustrated in figure 23. The first vertical

and lateral bending modes appear slightly coupled

with their respective orthogonal planes such that the

first mode bending deformation was apparent in both
planes because the cross-sectional axes about which

bending occurred were canted roughly 20 ° from the

true vertical and lateral axes, respectively. The iner-
tial asymmetry produced by the accelerometer block

is fostering this effect, as the bending deformations

would be otherwise uncoupled. (This was analyti-
cally confirmed by removing the block in the finite-

element model and recalculating the mode shapes.

No evidence of this coupling action was apparent in
the recalculated mode shapes.) The first vertical and

lateral bending modes appear uncoupled with respect

to torsional deformation. However, it is noted that

some torsional deformation is present in each of the



secondbendingmodes.Thiscoupledbehaviorisbe-
lievedto bea functionof the aforementionediner-
tial asymmetrybecausethesparis not structurally
bending-twistcoupledby design.Thefirst torsion
modewassimilarlyinfluencedandexhibiteda slight
secondbending-typedeformationin thelateralplane.

Theanalyticallysynthesizedfrequencyresponse
functionisplottedasanoverlayontheexperimental
frequencyresponsefunction for the VS2 spar in
figure 24. Elevenmodeswereextractedfor the
VS2spar,as listedin table 13. Themodeshapes
werescaledto the 1Z_ drivingpoint measurement,
whichisshownin figure25.Fiveglobalmodeswere
identified:fourbendingmodesandonetorsionmode.
Theexperimentalmodeshapesarenearlythesame
asthoseof VS1andarethusnotshown.

The experimentaland analyticallysynthesized
frequencyresponsefunctionsareshownin figure26
for the final squarespar,VS3. Ten modeswere
extractedwithin the frequencytest rangefrom 0
to 2000Hz andare listedin table 14. Thesemode
shapeswerealsoscaledto the1Z_drivingpoint,mea-
surementshownin figure27.As with theothertwo
squarespars,fourglobalbendingmodesandthetor-
sionmodewereidentifiedfor VS3. Theexperimen-
tal modeshapesfor VS3wereagainsimilarto those
obtainedfromVS1andarenot shown.

Elliptical spars. The test results for the three

elliptical spars (VE1, VE2, and VE3) are presented
in this section. The corresponding multivariate
mode indicator functions for VE1, VE2, and VE3

are shown in figures 28, 29, and 30, respectively.
Seven modes were evident within the frequency range

from 0 to 2000 Hz for VE1, whereas six modes were
evident for VE2 and VE3. Note the coincident drops

in the secondary MMIF functions for VE2 and VE3,
which appear to indicate coincident or repeated roots

at the associated frequencies, given the somewhat

significant magnitude of the minima.

The corresponding analytically' synthesized fre-

quency response function, as obtained from the

polyreference curve fit, is plotted with the experi-
mental frequency response function in figure 31 for

the VE1 spar. In general, the curve fit exhibited

very good characteristics within the frequency range
from 0 to 2000 Hz although the antiresonance near

1750 Hz appeared slightly shifted between the test

data and the analytical curve fit. Seven modes were
determined in the frequency range from 0 to 2000 Hz

for the elliptical spar and are listed in table 15. Al-

though the MMIF function, shown in figure 28, indi-

cated a potential occurrence of repeated roots within

the frequency range, none were found. The mode

shapes were scaled to the 12 driving point response

shown in figure 32. A significant deterioration in the
coherence function was evident near 1600 Hz for the

driving point response, perhaps affecting the qual-

ity of the curve fit in this region. Five global modes
were identified for VE1 within the frequency range

from 0 to 2000 Hz: first vertical bending, first lat-

eral bending, second vertical bending, second lateral

bending, and first torsion. The experimental mode

shapes for VE1 are shown in figure 33. The bend-

ing modes are classical in nature and are not coupled
to torsional deformation. The effects of the para-

sitic bending-shear coupling are again evident, in the

bending modes. The grid points lying on the up-

per surface of the elliptical spar (grid points 1 6)
did not receive a lateral excitation and therefore ap-

pear undeformed. The first torsion mode exhibits
a slight coupling motion in the vertical (Z) plane

such that a near second bending deformation is man-

ifested. A sixth global mode characteristic of third

vertical bending was strongly evident in the mode at
1865.52 Hz, shown in figure 33(f).

The synthesized and experimental frequency re-

sponse flmctions for the VE2 spar are plotted in

figure 34. The overall agreement is very good in
the frequency range from 0 to 2000 Hz. Six modes

were extracted from the polyreference curve fit, with

no evidence of repeated roots, and arc listed in t.a-

blc 16. Five global modes were identified, with simi-

lar shape and modal characteristics as compared with
VE1, and were scaled to the 1Z driving point mea-

surement shown in figure 35. A sixth global mode
characteristic of third vertical bending was evident

in the mode corresponding to 1739.82 Hz. The ex-

perimental mode shapes are not shown because of

their similarity with those of VE1.

The analytically synthesized and experimental

frequency response functions are shown in figure 36

for the VE3 spar. Once again, the magnitude and

phase is very good throughout the frequency range
from 0 to 2000 Hz, with excellent representation of

all peaks and phase changes. The modal proper-

ties were subsequently determined for VE3, where
six modes were determined in the frequency range

from 0 to 2000 Hz. The resulting parameters for
the six modes are listed in table 17. The 1Z_ driv-

ing point measurement for VE3 was used to scale
the mode shapes and is shown in figure 37. Five

global modes, similar to those obtained for VE1 and

VE2, were identified. Additionally, the mode at

1838.58 Hz appeared to be characteristic of third

vertical betiding.
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Analytical Results

D-shape spar. The results from the nor-

mal modes and natural frequency analysis of the

MSC/NASTRAN finite-element model of VD1 are
listed in table 18 for the frequency range from 0

to 2000 Hz. The calculated frequencies which cor-

respond to the global modes identified in the exper-

iment are indicated in table 18. The corresponding

mode shapes are illustrated in figure 38. Deforma-
tion of the cross sections adjacent to the accelerome-

ter block is apparent for most of the analytical mode

shapes. The magnitude of this deformation is greatly

exaggerated in the figure because of the scaling of the
plot. Also, the solid clement appears to be stretch-

ing or deforming in the global mode shapes, but

this is again an artifact from the plot scaling. Lo-

cal boundary effects between the block and the plate

element may filrther contribute to this distorted de-
[ornmtion. In order to more accurately capture the

specific cross-sectional deformation, an increase in

the nmnber of plate elements around the circumfer-
ence of the spar would be necessary. The calculated

global bending modes are similar in shape to those

obtained experimentally. The second vertical and

lateral bending modes exhibit a slight torsional defor-

mation, particularly evident along the leading edge
of the D-shape, which is not apparent in the first

bending modes. Tile torsional characteristic in the

mode at 1254.97 Hz is very evident in figure 38(d),

where most of tile deformation occurs along the lead-
ing edge. This is expected based on an anticipated
increase in tile structural stiffness near the corners of

the D-shape. Conversely, the torsional deformation is

slightly coupled to a second vertical bending-type de-
formation, especially when viewed in tile X-Z plane.

Square spars. The frequencies obtained from

a normal modes analysis for the square spars (VS1,

VS2, and VS3) are shown in table 19 for the fre-

quency range from 0 to 2000 Hz. The frequencies
corresponding to global modes are indicated in the

table. The mode shapes for VS1 are depicted in
figure 39.

The first vertical and lateral bending modes of the

square spars are classical in nature and do not appear

to be significantly affected by the inertia of the ac-

(:eleronmter block. The second vertical (Z) bending

mode is only slightly affected by the associated cross-
sectional deformation near the accelerometer block
and this deformation is characteristic of a vertical

shearing. In addition, the second bending modes

are coupled to torsional deformation, perhaps as a
result of the inertial asymmetry produced by the ac-

celerometer block. The first torsion mode is apparent

at 1753.94 Hz and appears slightly coupled to second

bending deformation.

The resultant analytical mode shapes for the VS2
and VS3 spars are nearly the same as those obtained
for VS1 and are thus not shown.

Elliptical spars. The frequency and mode shape

results for the elliptical spars (VE1, VE2, and VE3)
are listed in table 20. The global mode shapes are

indicated. The calculated mode shapes for VE1 are

shown in figure 40.

The first vertical and lateral bending modes ex-
hibit classical bending behavior, with little cross-

sectional deformation. The same is generally true

of the second vertical and lateral bending modes, al-

though these modes appear to be slightly coupled
with torsional deformation; this could be due to the

asymmetrically mounted accelerometer blocks. In

addition, the first two cross sections in the analyt-

ical model appear somewhat flattened, although the

magnitude of this deformation is a function of scaling
and is indeterminate. The first torsion mode, shown

in figure 40(e), exhibits a slight coupling with a sec-

ond bending-type deformation. The exaggerated size

of the cross section is again a function of the scaling.

The corresponding mode shapes calculated for the
VE2 and VE3 spars are nearly the same as those
obtained for VE1 and are thus not shown.

Experimental and Analytical Correlation

As a means of facilitating test-analysis correla-
tion, the analytical model geometries generated in

MSC/NASTRAN for each spar were cross mapped

onto tile corresponding experimental model geome-

tries. Grid points common to both models (within a
specified geometric tolerance) were identified through

a comparison of the spatial geometry between the

test and analysis graphics models. This resulted in

streamlined analytical models which could then be
compared in a direct manner with the test mod-

els, thereby allowing a one-to-one comparison of grid

point deformations.

D-shape spar. Because the grid points along

the leading edge of the D-shape spar were not ex-

cited in the vertical direction, they appeared effec-
tively constrained in this direction for each mode.

Correspondingly, this lack of vertical deformation did

not lend itself well to comparison with the associated

analytical grid point deformations, which were free

to move in the vertical direction, and thus degraded
test-analysis correlation. To compensate for this, the

vertical deformations of the associated analysis grid

points were effectively negated for the cross-mapped
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geometrymodelin tile calculationof tile MACma-
trix forVD1.Theanalyticaldatasetscontainingthe
resultantdeformationsfor tile finite-elmnentmodels
weremodifiedsuchthat zeroverticaldef()rmationex-
istedfortheselectedgridpoints.Thispernlittedthe
analysismodelto mimicthe lackof verticaldefor-
mationat theprescribedgridpointswhilebeingfree
fromtile constrainingeffectsassociatedwith anap-
pliedboundarycondition.Tile resultingtest-analysis
MACmatrixfor tileD-shapesparispresentedin fig-
ure41. Thematrix is shownin a three-dimensional
perspectiveviewaswellasatwo-dimensionalviewto
aidin tiledistinctionof theconstituentmatrixIncm-
bets.Excellentagreementwasobtainedfor thefirsl
verticalbending,first lateralbending,andfrst tor-
sionmodes,whichcorrespondto the(1,1),(2,2),and
(5,5)test-analysismatrix nmmbers.Theassociated
MACvaluesforthesepairswerein therangefrom0.8
to 1.0,asshownin table21.Theagreementbetween
thetest-analysissecondverticalbendingandsecond
lateralbendingmodeswasrelativelyfair,with MAC
valuesof 0.565and 0.484,respectively.Tile mag-
nitudeof thesevaluesseemssomewhatlow and is
thoughtto be associatedwith slight differencesin
deformationcharacteristicsfor eachmode.This is
particularlyevidentin tile comparisonof thesecond
lateralbendingmodes,wherethe analyticalmode
exhibitssometorsionaldeformationwhichisnotap-
parentin tile testmodeshape.Nevertheless,these
modeshavethecharacteristicsof thesecondlateral
bendingshapeandarejudgedto correspondto such.
Theadditionalmodes,whichcorrespondto theshell-
typemodes,occupytheremainderof thematrixand
haveMAC valuesfrom0.0to 0.8. It. is notedthat
theMACInemberscorrespondingto thetest-analysis
(7,1)and(1,6)matrixmembershaveMACvaluesin
therangefrom0.6to 0.8.In theformerpair,thesev-
enthtest.modeactuallydoesresemblethefirst,anal-
ysismode(first verticalbending).However.geomet-
ricaliasingisproinotingthiselevatedMACvalue.Ill
thelatterpair,thefirst,testinode(first.verticalbend-
ing)issimilartotile sixthanalyticalmode,whichisa
shell-typemode.Thissimilarityoccursasa resultof
themodificationof tile verticaldeformationin ana-
lyticalgridpoints7 12.Therefore,thecross-mapped
modelandthetestmodeldoappearsimilarin this
mode,but this is clearlya consequenceof compen-
satingfor tile apparentimmobilitiesof tile testgrid
pointsanddoesnot constitutea true agreementof
modeshapes.

Theoverallagreementfor the D-shapetube fre-
quenciesisgood,generallyrangingfrom1.9percent
difference(first verticalbendingcase)to 13.8per-
centdifference(secondverticalbendingcase).The

averagedifference between test and analysis
frequenciesisapproximately6.0per(:ent.

Square spars. Tile interpretation of the MAC

matrices fi)r the square spars was straighth/rward

in that all test and analysis grid points ah'eady

possessed the same degrees of freedom; therefl/re, no
additional a(tjustments needed to t)e perfornted.

The test-analysis MAC matrix for VS1 is shown

in figure 42. Excellent agreement is exhibited for

tile first, three global ben(ling modes (first, vertical,
first, lateral, and second vertical bending), with as-

sociated MAC values ranging from 0.8 1o 1.0. as
listed in table 22. The second lateral bending mode,

however, agrees poorly with its analytical counter-

part, having a calculated MAC value of 0.243. A
comparison of the test and cross-mapped analysis

mode shapes, shown in figure 43, reveals that the

two inodes generally have the same shape. However,

the cross-mapped analysis model is lacking the tor-
sional deformation of the grid points farthest from

tim origin which is present ill tile test,. This ap-

pears to be the only significant difference between
the two mode shapes, and it. was therefore concluded

that the test an(t analysis mode shapes do corre-

spond, although some mlcertainty exists. The first.

torsion mode from the test was forum to agree fairly

well with its analytical counterpart and had a MAC
value of 0.573. Although tile agreement of test-

analysis data for VS1 was within 9.5 percent differ-
ence (second lateral bending), the aw'rage frequency

difference was approximately 7.a percent, with the

best-case (first lateral bending) showing a 5.8 t)ercent
difference between test and analysis data.

Tile test-analysis MAC matrix for VS2 is shown

in figure 44. Excellent agreement t)(qw(,(.ll test. an(t

analysis mode shapes is again evident for the first
three global })ending modes (firs! vertical bending,
first lateral bending, an(t second verlical t)ending),
and the associated MAC values are listed in table 23.

The second lateral bending m(l(te shape correlate(t

poorly' with that obtained froill the analysis, having

a MAC value of 0.347. The analytical torsion mode

(1753.94 Ilz) showed roughly equal MAC values with
the 1550.65-Hz test mode (0.564) and the 1702.77-Hz

test. mode (0.531). By inspecting the plotted mode
shapes fllrther (fig. 45), the test mode at 1550.65 Hz

was judged to be a closer match for the analytical
mode in terms of overall mode shape characteristics.

Overall, the agreement between test and analysis

frequencies wa_ within 11.6 percent, with the best

agreement corresponding t.o the first, vertical bending

mode (6.9 percent). The average difference between
test and analysis data was approximately 8.9 percent.
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Tile MACmatrix for theVS3sparexhibitedthe
bestoverallcorrelationof the squaresparsand is
shownin figure46. The MAC valuescorrespond-
ingto theglobaltestandanalysispairsarelistedin
table24. Excellentcorrelationwasagainobtained
for the first threeglobalbendingmodes,with the
calculatedMACvaluesrangingfrom0.861to 0.937.
Comparison of the test and analysis shapes for sec-

ond lateral bending mode (fig. 47) involved two test

modes which appeared to share similar characteris-

tics with the analytical mode shape. Tile test mode
at 1423.28 Hz showed favorable correlation with the

analytical mode at 1555.08 Hz in terms of calcu-

lated MAC value (0.504).. However, although the
test mode corresponding to 1459.78 Hz shared simi-

lar shape characteristics with its analytical counter-

part, the associated MAC value for this analysis and

test pair was only 0.011. This wouht seem to in-
dicate a total lack of correlation for the two mode

shapes, although some similarities are apparent from

figure 47. B_Lsed on the relative MAC values, the
mode at 1423.28 Hz better approximated the ana-

lytical second lateral bending deformation. The re-

spective test and analysis torsion modes correlated

favorably, with a MAC value of 0.645.

The agreement between the global test and anal-

ysis frequencies was generally very good for the

VS3 spar. The best agreement was found for the
first lateral bending mode, showing a difference of

only 2.3 percent. Although some uncertainty was

observed regarding the test second lateral bending

mode, the correlation between the test mode at

1423.28 Hz and the analytical mode exhibited higher
MAC values and agreed within 8.5 percent. The av-

erage difference between test and analysis data was

4.4 percent.

Elliptical spars. Similar to the VD1 spar, the

cross-nmpped analysis models for the elliptical spars

were modified to compensate for the lack of lateral

deformation of the corresponding test grid points. In
this case, the lateral deformations for the upper row

of grid points (grid points 1 6 in fig. 9(c)) were zeroed

out, as these grid points did not experience lateral
excitations in the test. The resultant test-analysis

MAC matrix for the VE1 spar is shown in figure 48.

Excellent correlation was obtained for the five global
modes. These modes had MAC values from 0.820

to 0.980, as shown in table 25. The analytical mode
shape corresponding to third vertical bending showed

good correlation with the test mode at 1865.52 Hz,
with a MAC value of 0.677.

The data correlation for the VE1 spar exhib-

ited very good agreement with experiment, with
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results ranging from 0.10 percent (first torsion) to
4.9 percent (second lateral bending) for the five

modes. The average difference between test and

analysis frequencies was about 2.5 percent.

The calculated MAC matrix for the VE2 spar is
shown in figure 49. Excellent correlation was again

obtained for the first four global modes. The as-

sociated MAC values, shown in table 26, ranged
from 0.843 to 0.978 for these modes. The test-

analysis correlation for the first torsion mode was
good (MAC vahm of 0.753), whereas the analyt-

ical third vertical bending mode exhibited rela-

tively poor correlation with the experimental mode

at 1739.82 Hz (MAC value of 0.394).

In general, the test-analysis results for VE2 ex-

hibited very good agreement. The agreement ranged

from 1.9 percent difference (first vertical bending)

to 7.7 percent (first lateral bending) for the five
modes. The average difference between test and

analysis data was approximately 4.8 percent.

The MAC matrix calculated for the third ellip-
tical spar, VE3, is shown in figure 50. The matrix

closely resembled those obtained for VE1 and VE2.

Excellent agreement was obtained for the five global

modes, with the calculated MAC values ranging
from 0.800 to 0.980 as listed in table 27. The test-

analysis correlation between the analytical third ver-

tical bending mode and the experimental mode at
1838.58 Hz was good, with an associated MAC value
of 0.712.

The agreement between test and analysis frequen-

cies was generally very good and ranged from 1.6 per-

cent (first vertical bending) to 9.6 percent (first lat-
eral bending) for the first five modes. The average

difference between test and analytical frequencies was

approximately 6.0 percent.

Concluding Remarks

Dynamic finite-element analyses of thin-walled

composite tubular spars exhibiting extension-twist

coupling have been conducted and compared with
experimental data. The cross-sectional design of the

spars corresponded to three types: square, D-shape,

and elliptical. Because these designs were noncir-

cular in nature, they were therefore prone to cross-

sectional warping. Finite-element analysis models
were constructed for each spar to account for indi-

vidual variations in wall thickness and, thus, weight,

which were present in each manufactured spar. Re-
sults from normal mode and frequency analyses of the

finite-element models were compared with those ob-

tained from free-free dynamic tests of the fabricated



spars.Fiveglobalor nonshell-typemodeswereiden-
tified for the D-shapesparin the frequencyrange
from0 to 2000Hz: first verticalbending,first lat-
eralbending,secondverticalbending,first torsion,
andsecondlateralbending.Theagreementbetween
test and analysisfrequenciescorrespondingto the
modeshapeswasgood,rangingfrom 1.9 percent
(first verticalbending)to 13.8percent(secondlat-
eralbending).Theaveragedifferencefor all modes
wasapproximately6.0percent.

Five globalmodesweresimilarlyextractedfor
eachof threesquarespars(VS1,VS2,andVS3) in
thefrequencyrangefrom0to2000Hz. Theidentified
modeshapescorrespondedto first verticalbending,
first lateralbending,secondverticalbending,second
lateralbending,andfirst torsion.Theoverallagree-
mentbetweentestandanalysisresultsfor the first
squarespar,VS1,waswithin 9.5percent,with the
bestcaseagreementof 5.8percent(first lateralbend-
ing). Theaveragedifferencein the testandanaly-
sisfrequencieswas7.3percent.Thetestandanaly-
sisdatacorrelationforVS2rangedfrom6.9percent
(firstverticalbending)to 11.6percent(first torsion),
with theaveragedifferencecalculatedat 8.9percent.
Thetest-analysiscorrelationforthefinalsquarespar,
VS3,agreedwithin 8.5percentoverall.Theaverage
differencewas4.4 percent.

Three elliptical spars were similarly tested and
analyzed. Five global modes were obtained for each

spar in the frequency range from 0 to 2000 Hz: first

vertical bending, first lateral bending, second verti-

cal bending, second lateral bending, and first tor-
sion. The agreement between test and analysis fre-

quencies for the VE1 spar ranged from 0.10 percent

(first torsion) to 4.9 percent (second lateral bending)
for the five global modes. The average difference

between test and analysis frequencies was approxi-

mately 2.5 percent. Similar trends were observed for

VE2, with agreement of test and analysis frequen-

cies ranging from 1.9 percent difference (first verti-
cal bending) to 7.7 percent (first lateral bending) for

the first five global modes. An average difference

of 4.8 percent was observed between test and anal-

ysis frequencies. The agreement between test and

analysis frequencies for VE3 ranged from 1.6 percent

(first vertical bending) to 9.6 percent (first lateral
bending) for the first five modes. The average dif-

ference between test and analytical frequencies was

approximately 6.0 percent.

These results suggest that the structural dynamic

characteristics of thin-walled composite structures

employing extension-twist coupling can be deter-

mined within practical engineering accuracy. The

fabrication process employed in this investigation has
demonstrated the potential for achieving a high level

of repeatability in the manufacturing of composite

structures. Despite inconsistencies in the cured wall

thicknesses of the elliptical spar subset, this method

generally yielded spars of excellent overall geometric
integrity. It is important to note that a certain level

of experience with this type of fabrication process is

required, as there are several variables unique to the

rubber expansion method which directly control spar
quality. Repeatability in the manufacturing process

is essential for the reliable and efficient reproduction

of composite structural components that will be in-

corporated in future rotorcraft systems. This inves-

tigation of tubular spars provides a necessary data
base to promote understanding structural dynamic

characteristics of elastically coupled composite rotor

blade spars. Future studies of increased scope and
complexity, including the investigation of the effect

of large values of pretwist in elastically coupled struc-

tures, should flzrther contribute to this data base
and provide a basis for the development of practi-

cal composite tilt rotor blade designs incorporating

extension-twist coupling.

NASA Langley Research Center
Hampton, VA 23681-0001

October 16, 1992
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Appendix

Convergence Study Results
A convergencestudyof limited scopewasiniti-

atedtoverifytheadequacyofthefinite-elementmod-
els. Specifically,the numberof spanwiseelcments
wasvariedfrom 16 to 33 to determinethe effects
uponthenaturalfrequencies,particularlythosecor-
respondingto the highermodes. Becausethis in-
vestigationwasprimarilyconcernedwith theglobal
modeshapes(bendingandtorsion)andnot theshell-
typemodes,thenumberof elementsusedcircumfer-
entiallyto modelthecrosssectionwasnot changed.
Thepercentageofdegreesof freedomretainedin the
analysesviastaticcondensationwasheldat approx-
imately13percentfor eachmodelper the recom-
mendationsoutlinedin references19and 20. The

convergencestudy wasperformedwith the finite-
elementmodelof the squarespar. The resultsof
this studyareshownin table28 for four test cases
designatedby "Modelj," where j = 16, 20, 25,
and 33 spanwise elements. The results indicated

that the frequencies corresponding to the model us-

ing 25 spanwise elements differed by a maximum

of 0.65 percent when compared with the model using
33 elements in the spanwise direction. Fhrthermore,
the average difference between these two models was

approximately 0.39 percent. If the characteristic

shape of the global bending and torsion modes is sim-

ilar among all spar types (i.e., number of elements

necessary to properly define bending and torsional
mode shapes), the conclusion can be made that the

model using 25 elements in the spanwise direction

was sufficient for this investigation.

14
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Table 1. Material Properties of T650-42/ERLX 1925-2

Graphite-Epoxy Cloth

Ell, E22, lb/in 2 ............. 11.65 x 106

G12, lb/in 2 ............... 8.20 x 105

u12 ..................... 0.05

p, lb/in 3 .................. 0.056

tpty , in ................... 0.0075

Table 2. Spar Wall Thicknesses and Weight Data

Spar

VD1

VD2
VD3

VS1

VS2
VS3

VE1

VE2

VE3

Average wall

thickness,
in.

0.0300

0.0307
0.0300

0.0304

0.0304

0.0300

0.0348
0.0322

0.0328

Maximum

deviation,

percent

0.0

2.3

0.0
1.3

1.3

0.0

13.8
6.8

8.5

Measured

weight,
lb

0.1896
0.1962

0.1929
0.1929

0.1940

0.1918

0.1631

0.1598
0.1731

Table 3. Mounting Block Types and Weights

Block type Weight, lb

Accelerometer mount (D-shape, squares) 0.0128
Accelerometer mount (ellipses) 0.0053

Impact mount (leading edge of ellipses) 0.0016

Impact mount (upper surface of ellipses) 0.0016
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Table4. VD1TestNodeLocations Table5. VS1TestNodeLocations

Test Globalcoordinates
node (x,y, z)

1
2

3

4

5

6

7
8

9

10

11
12

(0.63,-1.23,0.46)

(4.50, - 1.23, 0.46)

(10.13,-1.23,0.46)

(14.13,- 1.23, 0.46)
(19.50, -1.23, 0.46)

(23.63,-1.23, 0.46)

(0.63, 0.38, 0.00)

(4.50, 0.38, 0.00)

(10.13, 0.38, 0.00)

(14.13, 0.38, 0.00)
(19.50, 0.38, 0.00)

(23.63, 0.38, 0.00)

Test Global coordinates

node (x, y, z)

1

2

3

4

5
6

7

8

9
10

11

12

(0.63, -0.59, 0.59)
(4.50,-0.59,0.59)
(9.38, -0.59, 0.59)
(14.13, -0.59, 0.59)
(19.50, -0.59, 0.59)
(22.88, -0.59, 0.59)

(0.63, 0.59, 0.59)
(4.50, 0.59, 0.59)
(9.38, 0.59, 0.59)

(14.13, 0.59, 0.59_
(19.50, 0.59, 0.59)
(22.88, 0.59, 0.59)

Table 6. VS2 Test Node Locations Table 7. VS3 Test Node Locations

Test Global coordinates

node (x, y, z)

1

2

3
4

5

6

7
8

9

10

11
12

(0.63,-0.59,0.59)
(4.50,-0.59, 0.59)
(9.25, -0.59, 0.59)

(15.00,-0.59, 0.59)
(19.50,-0.59, 0.59)
(23.00,-0.59, 0.59)

(0.63,0.59,0.59)
(4.50,0.59,0.59)
(9.25,0.59,0.59)
(15.00,0.59,0.59)
(19.50,0.59,0.59)
(23.00,0.59,0.59)

Test

node

1

2
3

4

5

6
7

8

9

10
11

12

Global coordinates

(x, y, z)
(1.00, -0.59, 0.59)

(4.50, -0.59, 0.59)

(10.13, -0.59, 0.59)

(13.75,-0.59, 0.59)
(19.50,-0.59, 0.59)

(23.00, -0.59, 0.59)

(1.00, 0.59, 0.59)

(4.50, 0.59, 0.59)
(10.13, 0.59, 0.59)

(13.75, 0.59, 0.59)

(19.50, 0.59, 0.59)

(23.00, 0.59, 0.59)
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Table8. VE1TestNodeLocations Table9. VE2TestNodeLocations

Test Globalcoordinates
node (x,y, z)

1

2

3
4

5

6

7

8
9

10

11

12

(1.00,-0.31,0.45)
(4.50, -0.31,0.45)
(9.50,-0.31,0.45)

(14.13,-0.31,0.45)
(19.50, -0.31, 0.45)
(23.00, -0.31, 0.45)
(1.00, -0.63, 0.00)
(4.50, -0.63, 0.00)
(9.50, -0.63, 0.00)

(14.13,-0.63, 0.00)
(19.50,-0.63, 0.00)
(23.00,-0.63, 0.00)

Test Global coordinates

node (x, y, z)

1

2

3

4

5
6

7

8
9

10

11
12

(1.00, -0.31,0.45)

(4.75, -0.31,0.45)
(9.50,-0.31,0.45)

(14.50,-0.31,0.45)

(19.75, -0.31, 0.45)

(23.00, -0.31,0.45)

(1.00, -0.63, 0.00)
(4.75, -0.63, 0.00)

(9.50, -0.63, 0.00)

(14.50, -0.63, 0.00)

(19.75, -0.63, 0.00)
(23.00, -0.63, 0.00)

Table 10. VE3 Test Node Locations

Test Global coordinates

node (x, y, z)

1
2

3

4

5

6

7
8

9

10
11

12

(1.00, -0.31, 0.45)

(4.50, -0.31, 0.45)

(9.50, -0.31, 0.45)

(14.50, -0.31, 0.45)

(19.50, -0.31, 0.45)
(23.00, -0.31, 0.45)

(1.00, -0.63, 0.00)

(4.50, -0.63, 0.00)
(9.50, -0.63, 0.00)

(14.50, -0.63, 0.00)

(19.50, -0.63, 0.00)

(23.00, -0.63, 0.00)

18



Table11.ExperimentalModalParametersFromRealDomain
PolyreferenceCurveFit forVD1

Mode
shape

1
2
3
4
5
6
7
8
9

10
11
12
13

Frequency,
Hz

a394.38

_575.05

a904.19

1051.48

a1175.92

1275.25

1385.92

1482.19

1545.31

a1576.74

1769.89

1897.91

1955.92

0.356

0.515

1.189

0.444

0.448

0.445

0.383

0.381

0.541

0.549

0.536

0.533

Damping,

percent

0.372

5.65 ×

1.69 ×

1.56 x

7.98 ×

2.61 ×

1.66 ×

1.29 x

3.53 x

8.51 x

4.23 x

2.70 x

1.33 x

Amplitude

7.82 x 104

102

104

105

104

104

105

105

104

104

104

103

101

Phase,

deg MCF

-90.0 0.999

90.0 1.000

-90.0 0.998

-90.0 0.984

-90.0 0.999

-90.0 0.99?

-90.0 1.000

-90.0 0.994

-90.0 0.9?9

-90.0 0.989

-90.0 0.962

90.0 0.9?9

90.0 0.992

a Global mode.

Table 12. Experinmntal Modal Parameters From Real Domain
Polyreferenee Curve Fit for VS1

),lode

shape

1

2

3

4

5

6

7

8

9

10

Frequency,
Hz

a464.05

a486.27

994.51

a1260.92

1323.75

1374.06

a1412.16

1435.64

1591.98

a1615.24

0.462

0.665

0.437

0.287

0.230

0.469

0.268

0.358

0.394

Damping,

percent

0.360

2.05 ×

1.11 x

1.65 ×

2.96 x

4.63 x

1.11 x

2.32 x

8.80 x

5.01 x

Amplitude

7.27 × 104

104

1() i

105

10 a

102

105

105

103

103

aGlobal mode.

Phase,

(teg MCF

-90.0 1.000

-90.0 0.999

90.0 0.996

-90.0 0.999

-90.0 0.985

-90.0 0.998

-9O.O 1.000

-90.0 0.999

-90.0 0.994

-90.0 0.999
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Table13.Experimental Modal Parameters From Real Domain

Polyreference Curve Fit for VS2

Mode

shape

1

2

3

4

5

6

7

8

9

10

11

Frequency,
Hz

a465.12

a478.51

929.53

a1240.09

1267.61

1330.98

a1390.62

1478.98

"1550.65

1582.19

1702.77

0.423

0.346

0.464

0.311

0.375

0.415

0.350

0.459

0.295

0.513

Damping,

percent

0.334

2.01 x

1.23 x

2.57 x

5.01 x

2.27 x

4.94 x

6.14 x

4.94 x

4.86 x

1.10 x

Amplitude

8.82 x 105

105

104

106

103

106

103

102

105

103

106

Phase,

(leg MCF

-90.0 1.000

-90.0 0.999

-90.0 1.000

-90.0 0.999

-9O.0 O.995

-90.0 0.998

90.0 0.991

-90.0 0.993

-90.0 0.997

-90.0 0.983

-90.0 0.999

aGlobal mode.

Table 14. Experimental Modal Parameters From Real Domain

Polyreference Curve Fit for VS3

Mode

shape

1

2

3

4

5

6

7

8

9

10

Frequency,
Hz

a485.33

a503.38

1005.10

a1297.59

1367.69

1379.64

a1423.28

1459.78

1608.94

a1653.92

Damping,

percent

0.383

0.398 2.34

0.362 1.36

0.489 2.73

0.396 1.53

0.375 1.15

0.311 2.69

0.416 9.16

0.309 2.98

0.443 1.51

Amplitude

8.47 x 105

x 105

x 105

x 106

x 106

x 105

x 105

x 103

x 105

x 105

Phase,

deg MCF

-90.0 0.999

-90.0 0.999

-90.0 0.998

-90.0 1.000

-90.0 0.999

-90.0 0.9?8

-90.0 0.988

-90.0 0.983

-90.0 0.981

-90.0 0.995

aGlobal mode.
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Table15.ExperimentalModalParametersPromRealDomain
PolyreferenceCurveFit for VE1

Mode Prequency,
shape Hz

1 a382.55

2 a481.01

3 a1034.56

4 a1279.04

5 a1613.54

6 1844.53

7 1865.52

Damping,

percent

0.391

0.377

1.417

0.662

0.602

2.226

0.729

Amplitude

1.26 x 106

1.42 x 104

2.10 x 106

1.95 x 105

6.07 x 105

3.35 x 105

4.78 x 106

Phase,

deg MCF

-9O.0 1.000

-90.0 0.999

-90.0 0.999

-90.0 0.998

-90.0 0.998

-90.0 0.990

-90.0 0.987

aGlobal mode.

Table 16. Experimental Modal Parameters From Real Doinain

Polyreference Curve Fit for VE2

Mode Frequency,
shape Hz

1 a375.25

2 a464.87

3 a1013.66

4 a1244.94

5 a1571.33

6 1739.82

Damping,
percent

0.555

0.395

1.197

0.624

0.673

0.750

Amplitude

1.23 x 106

1.42 x 10 'l

2.11 x 106

1.46 x 10 `5

1.43 x 106

2.31 x 106

Ph&se,

(teg MCF

-90.0 0.998

-90.0 0.999

-90.0 0.999

-90.0 0.996

-90.0 0.996

-90.0 0.987

aGlobal mode.

Table 17. Experimental Modal Parameters From Real Domain

Polyreference Curve Fit for VE3

Mode Frequency,
shape Hz

1 a378.46

2 a457.75

3 a1023.89

4 a1233.83

5 a1514.81

6 1838.58

Damping,
percent

0.594

0.487

1.071

0.600

0.617

0.655

Amplitude

1.21 x 106

1.37 x 104

2.37 x 106

7.59 x 104

1.91 × 105

4.31 x 106

Phase,

deg MCF

-90.0 0.994

-90.0 0.988

-90.0 0.981

-90.0 0.995

-90.0 0.996

-90.0 0.985

aGlobal mode.

21



Table18.Calculated Frequencies

From Finite-Element Analysis
for D-Shape Spar

Mode

shape
1

2

3
4

5

6

7

8

9
10

11
12

13

VD1

frequency,
Hz

a402.03

a596.24
a1048.71

1200.44

a1254.97

1469.82

a1647.74

1695.49
1731.15

1914.47

2113.61
2423.44

2608.75

aGlobal mode.
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Table19.CalculatedFrequenciesPromFinite-Element
Analysisfor SquareSpars

I Mode
shape

1
2
3
4
5
6
7
8
9

10
11

Frequency,Hz,for--
VS1 VS2 VS3

a499.82

a516.02

1169.83
a1345.26

1445.49

1543.60

a1559.64

1581.47
a1753.94

1844.37

a499.82

a516.02

1169.83
a1345.26

1445.49

1543.60

a1559.64

1581.47
a1753.94

1844.37

2518.15

a499.08

a515.54

1159.44
01343.50

1430.12

1524.07

a1555.08

1562.83
a1737.28

1827.15

aGlobal mode.

Table 20. Calculated Frequencies From Finite-Element
Analysis for Elliptical Spars

Mode Frequency, Hz, for
VE1 VE2 VE3shape

1 a383.30
2 a504.56

3 a1063.54

4 a1344.87

5 a1615.38
6 a2143.16

7 2304.54

°382.71
a503.69

a1061.99

a1342.42

a1611.57
a2136.97

2279.08

a384.46
a506.16

a1066.41

a1349.48

a1624.76
a2153.91

2368.29

aGlobal mode.
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Table21. CalculatedModalAssurance Criteria Values

for Global Test and Analysis Modes for VD1

Mode shape

First vertical bending

First lateral bending

Second vertical bending
First torsion

Second lateral bending

Matrix element

Test FEA

1 1

2 2

3 3
5 5

10 7

Calculated

MAC value

0.971

0.941

0.565

0.889
0.484

Table 22. Calculated Modal Assurance Criteria Values

for Global Test and Analysis Modes for VS1

Mode shape

First vertical bending
First lateral bending

Second vertical bending

Second lateral bending
First torsion

Matrix element

Test FEA

1 1
2 2

4 4

7 7

10 9

Calculated

MAC value

0.921

0.923

0.862

0.243
0.573

Table 23. Calculated Modal Assurance Criteria Values

for Global Test and Analysis Modes for VS2

Mode shape

First vertical bending

First lateral bending

Second vertical bending

Second lateral bending
First torsion

Matrix element

Test FEA

1 1

2 2
4 4

7 7

9 9

Calculated

MAC value

0.945

0.944

0.801

0.347
0.564

Table 24. Calculated Modal Assurance Criteria Values

for Global Test and Analysis Modes for VS3

Mode shape

First vertical bending
First lateral bending

Second vertical bending

Second lateral bending
First torsion

Matrix element

Test FEA

1 1

2 2
4 4

7 7

10 9

Calculated

MAC value

0.936
0.937

0.861

0.504
0.645
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Table25.CalculatedModalAssurance Criteria Values

for Global Test and Analysis Modes for VE1

Mode shape

First vertical bending
First lateral bending

Second vertical bending

Second lateral bending
First torsion

Third vertical bending

Matrix element

Test FEA

1 1

2 2

3 3
4 4

5 5

7 6

Calculated

MAC value

0.980

0.930

0.918

0.826
0.820

0.677

Table 26. Calculated Modal Assurance Criteria Values

for Global Test and Analysis Modes for VE2

Mode shape

First vertical bending

First lateral bending
Second vertical bending

Second lateral bending
First torsion

Third vertical bending

Matrix element

Test FEA

1 1
2 2

3 3

4 4

5 5

6 6

Calculated

biAC value

0.978

0.922
0.926

0.843

0.753

0.394

Table 27. Calculated blodal Assurance Criteria Vahms

for Global Test and Analysis Modes for VE3

Mode shape

First vertical bending

First lateral bending

Second vertical bending

Second lateral bending
First torsion

Third vertical bending

Matrix element

Test FEA

1 1

2 2

3 3
4 4

5 5

6 6

Calculated

MAC value

0.980

0.899

0.930

0.800
0.822

0.712
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Table28. FEAConvergenceStudyResultsfor SquareSpar

Frequency,Hz,for--
Mode Model Model Model Model
shape 16 20 25 33

1
2
3
4
5
6
7
8
9

10

501.50
516.68

1180.22
1359.89
1453.30
1544.74
1573.29
1580.67
1772.39
1854.56

500.43
516.68

1172.67
1349.09
1447.39
1542.56
1562.94
1581.17
1759.15
1846.46

499.82
516.02

1169.83
1345.26
1445.49
1543.60
1559.64
1581.47
1753.94
1844.37

499.02
515.15

1165.72
1336.50
1441.86
1538.11
1550.91
1575.51
1746.49
1833.26
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Figure 1. Cross-sectional designs for composite spars. Dimensions are in inches.
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Figure 2. Initial composite mandrel wrap and silicon rubber tool.
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Figure 3. hfitial wrapping of composite mat, erial.
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Figure 4. Continuation of wrap procedure using subsequent composite layers.
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Figure 5. Female aluminum tool cavity and cover plate.

Figure 6. Cm'cd tubular spars.
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Figure 11. Finite-element model of D-shape spar.
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Figure 12. Finite-element nlodel of square spar.
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Figure 13. Finite-element model of elliptical spar.
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Figure 14. Multivariate mode indicator flmction for VD1.
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Figure 15. Frequency response function for VD1.
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Figure 17. Global mode shapes for VD1.

35



MMIF

1.0

.8

.6

.4

.2

0

I I I I t 1 I I

500 1000 1500 2000

Frequency, Hz

Figure 18. Multivariate mode indicator function for VS1.
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Figure 20. Multivariate mode indicator function for VS3.
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Figure 21. Frequency response function for VS1.
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Figure 23. Global mode shapes for VS1.
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Figure 25. 1Z_ driving point measurement for VS2.
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Figure 27. 1Z_ driving point measurement for VS3.
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Figure 29. Multivariate mode indicator function for VE2.
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Figure 33. Global mode shapes for VE1.

45



Phase,

deg

0

-360 i I I

Magnitude,

g/lb

1000

100

10

.1
0

f Test data

l...... Analytical

curve fit

500 1000 1500 2000

Frequency, Hz

Figure 34. Frequency response function for VE2.
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Figure 37. 1Z_ driving point measurement for VE3.
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Figure 38. Global analytical mode shapes for VD1.
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Figure 39. Global analytical mode shapes for VS1.
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Figure 43. Test-analysis second lateral bending mode shapes Ior VS 1.
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